We show that the previously unreported ternary σ-phase material Nb20.4Ru5.7Ge3.9 is a superconductor with a critical temperature of 2.2 K. Temperature-dependent magnetic susceptibility, resistance, and specific heat measurements were used to characterize the superconducting transition. The Sommerfeld constant γ for Nb20.4Ru5.7Ge3.9 is 91 mJ mol-f.u.
I. INTRODUCTION
The sigma (σ) phases, which are typically brittle, have been extensively studied in materials science due to their detrimental effects on the mechanical properties of various steels, although the precipitation of this phase in specific amounts can sometimes lead to hardening as well. [1] [2] [3] [4] [5] σ-phases, with the CrFe structure type and 30 atoms per unit cell, have extremely broad compositional existence ranges with complex compositions as a common feature -extensive substitutions on one or more of the five crystallographically distinct sites (2a, 4f , 8i 1 , 8i 2 and 8j) in the structure have been reported. 1 σ-phases are known to exist in over 40 different binary systems, and superconductivity has been observed in several of these.
2,6
Nb 65.2 Rh 34.8 for example, has been reported to display superconductivity with a critical temperature (T c ) of 2.9 K 7 and Nb 62 Pt 38 has a T c of 2.1 K. 8 Differing T c values have been observed based on the composition of the σ-phase in both the Nb-Ir and Mo-Re binary systems.
9,10
The binary σ-phase Mo-67% Re displays a T c of 5.8 K, while Mo-50% Re has a T c of 6.4 K. 10, 11 For the Nb-Ir system, the literature values of T c vary from 2 K -9 K for the σ-phases. [12] [13] [14] [15] [16] The W-Os σ-phase shows similar behavior, where T c varies from 2.5 K -3.8 K as the osmium content is increased. 11 The changes in T c based on composition for the σ-phases is consistent with arguments that the critical temperature increases as the unit cell volume decreases and the valence electron count (VEC) per atom increases.
11,14
Here we report the new superconducting σ-phase Nb 20.4 Ru 5.7 Ge 3.9 . To the best of our knowledge, this is the first ternary phase in the Nb-Ru-Ge system. Its superconducting transition is sharp and reproducible from one preparation to the next, and powder XRD patterns show the appearance of second phases when deviations from this composition are made, and thus the material forms in a relatively narrow composition range. In addition, a σ-phase has not been reported in the Ge-Ru, Nb-Ge, or Nb-Ru binary systems, showing that all three elements are necessary to stabilize the σ-phase material. We present the crystal structure determined by single crystal X-ray diffraction and characterize the superconducting transition through temperature-dependent magnetic susceptibility, resistance, and specific heat measurements. All measurements consistently show a critical temperature of 2.2 K. Specific heat data confirms that the transition is from the bulk of the material and Nb 20.4 Ru 5.7 Ge 3.9 appears to be a weak coupled BCS-type superconductor. A Ta-Ru-Ge σ-phase, with an approximate composition of Ta 20.4 Ru 5.7 Ge 3.9 , was synthesized but did not display superconductivity above 1.7 K. We also present preliminary results of the possible 2 K superconductor in the Nb-Ru-Ga σ-phase system.
II. EXPERIMENTAL METHODS
The starting materials for the synthesis of polycrystalline Nb 20.4 Ru 5.7 Ge 3.9 (or the tantalum or gallium variant) were niobium (>99.9%, 325 mesh, Aldrich), tantalum (>99.9%, foil, 0.127mm, Alfa), ruthenium (>99.9%, 200 mesh, Aldrich), germanium (>99.9%, 3.2mm, Alfa), and gallium (>99.99%, pellet, 6mm dia., Aldrich). Niobium and ruthenium powders were pressed into pellets and first arc-melted separately in order to avoid significant mass loss during melting with germanium. The niobium (or tantalum), ruthenium, and germanium chunks were then arc-melted in a Zr-gettered atmosphere under ∼600 mbar Ar in a 6.8:1.9:1.3 (20.4:5.7:3.9) ratio. The purest sample for Nb-Ru-Ga system resulted when the loading composition was Nb 20 Ru 5 Ga 5 . In addition, variation of the composition from the above formulas led to the presence of second phases in significant amounts. The arc-melted button was flipped over and remelted 3 times in order to ensure homogeneity throughout the arXiv:1710.03347v1 [cond-mat.supr-con] 9 Oct 2017 sample. Mass loss after melting was <1%. Samples of Nb 20.4 Ru 5.7 Ge 3.9 are stable and do not decompose over time when exposed to air. Room temperature powder Xray diffraction (pXRD) was used to determine the purity of the samples using a Bruker D8 Advance Eco Cu K α radiation (λ =1.5406Å) diffractometer equipped with a LynxEye-XE detector. Annealing at temperatures below 1200
• C did not yield more pure materials. Single crystals taken from the as-melted sample were mounted on the tips of Kapton loops and room temperature intensity data were collected using a Bruker Apex II Xray diffractometer with Mo K α1 radiation (λ=0.71073 A). All data were collected over a full sphere of reciprocal space with 0.5
• scans in ω and an exposure time of 10 s per frame. The 2θ range was from 4
• to 75
• and the SMART software was used for acquiring all data. The SAINT program was used to extract intensities and correct for Lorentz and polarization effects. Numerical absorption corrections were done with XPREP, which is based on face-indexed absorption.
17
For the single crystal refinement, the formula was constrained to the composition Nb 20.4 Ru 5.7 Ge 3.9 since this loading composition resulted in a single phase sample and the arc-melting process had <1% mass loss. The crystal structure of Nb 20.4 Ru 5.7 Ge 3.9 was solved using direct methods and refined by full-matrix least-squares on F 2 using the SHELXTL package. 18 All crystal structure drawings were created in the program VESTA.
19 A Rietveld refinement was performed on pXRD data with the FullProf Suite program using Thompson-Cox-Hastings pseudo-Voigt peak shapes. Parameters determined from the single crystal refinement were used as a starting point for the powder refinement. Lattice parameters and site occupancies from both powder and single crystal refinements are consistent with one another and therefore only the single crystal data will be discussed here.
A Quantum Design Physical Property Measurement System (PPMS) Dynacool equipped with vibrating sample magnetometer (VSM) and resistivity options was used to measure the temperature and field-dependent magnetization and temperature-dependent electrical resistance of Nb 20.4 Ru 5.7 Ge 3.9 . A standard four-probe method was used for the temperature-dependent resistance measurement taken from 300 K -1.7 K with an applied current of 1 mA and applied magnetic fields ranging from 0 -0.85 T. Zero-field cooled (ZFC) and field cooled (FC) magnetic susceptibility data were collected with an applied field of 10 Oe in the temperature range from 1.68 K -3.5 K. The field-dependent magnetization was measured at various temperatures from 1.68 K -2.2 K with a field sweep from 0 -100 Oe. A Quantum Design PPMS Evercool II was also used to measure the heat capacity on a small crystal of Nb 20.4 Ru 5.7 Ge 3.9 with 0, 0.1, 0.2, 0.3, 0.4 T applied fields.
III. RESULTS AND DISCUSSION
Powder X-ray diffraction (pXRD) and single crystal X-ray diffraction were used to analyze the previously unreported σ-phase Nb 20.4 Ru 5.7 Ge 3.9 , which was shown to crystallize in the CrFe structure-type (P 4 2 /mnm, No. 136) with lattice parameters a = 9.843(1)Å and c = 5.1270(8)Å. Table I shows a summary of the results from single crystal diffraction data and Table II gives the atomic coordinates determined from the structure refinement. Fig. 1 shows the room temperature powder diffraction pattern of Nb 20.4 Ru 5.7 Ge 3.9 with the corresponding Rietveld fit to the data confirming the high purity of the as-melted sample. The crystal structure of this new σ-phase viewed along the c -direction is presented in Fig. 2 showing the topologically closest packed structure, a common feature of σ-phases.
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FIG.
1. Rietveld refinement of Nb20.4Ru5.7Ge3.9 using room temperature pXRD data. The experimentally observed data is shown in red circles, the calculated pattern is shown with a black line, the green vertical marks indicate expected Bragg reflections, and the blue line at the bottom shows the difference between the observed and calculated data. Impurity peaks are marked with asterisks. Rietveld refinement results: χ 2 = 3.53; wRp = 13.6 %; Rp = 11.6 %; R(F 2 ) = 8.36 %. The cluster of strong peaks near 2θ = 40 degrees is a characteristic of σ-phases.
Binary σ-phases have the general formula A 2 B (normalized here to A 20 B 10 to reflect the unit cell content). A is typically an early transition element with a preference for sites with higher coordination number (CN) such as the 4f , 8i 1 , and 8j sites in the σ-phase structure. In contrast, the B -atoms are typically more d-electron rich with a preference for lower CN sites like the 2a and 8i 2 sites in the σ-phase structure. Ternary systems become more complicated, especially when a main group element like Ga, Al, or Si is included. When there are 3 elements present, it is necessary to do experiments with multiple wavelengths of radiation to quantitatively determine mul- ple A and B element assignments are not always followed in these ternary σ-phases. Although there are numerous previously reported ternary σ-phases containing all transition metals 27, 28 or two transition metals with Ga, ternary σ-phase.
The temperature-dependent magnetic susceptibility (χ V ) is shown in Fig. 3 for Nb 20.4 Ru 5.7 Ge 3.9 , measured in an applied magnetic field of H = 10 Oe. The zero field-cooled (ZFC) volume magnetic susceptibility data is only slightly less than the ideal 4πχ V = −1 at the lowest possible temperature 1.68 K. Both the ZFC and FC magnetic susceptibility data were corrected for a demagnetization factor (a correction for the sample shape) N equal to 0.290. The value N was calculated from the fit (M fit ) to the magnetic susceptibility vs. applied field measurements taken at 1.68 K at low fields, from 0 to 15 Oe, as shown in Fig. 3 (inset) . Assuming linear behavior of M V vs. H in the superconducting state, the demagnetization factor can be calculated by the equation −b = 4 shows data taken at different temperatures ranging from 1.68 K to 2.2 K with field sweeps from 0 -100 Oe. The difference between the magnetization (M V ) and the M fit measured at 1.68 K is shown in Fig. 4 (upper right inset). The fields (H ) at which there is a deviation from linearity, indicated by the dashed line, was used to construct the plot in Fig. 4 (main panel) plotted as a function of temperature. The H c1 vs. T data were fitted to equation 1,
where H c1 (0) is the lower critical field at 0 K and T c is the calculated critical temperature. The lower critical field, H * c1 (0), was calculated to be 39.2(8) Oe and after correcting for the demagnetization factor (N = 0.290), H c1 (0) = 55 Oe. The calculated T c value was 2.29(1) K, consistent with the T c from both temperature-dependent specific heat data and resistance data, which will be discussed next.
Temperature-dependent specific heat measurements were carried out as presented in Fig. 5 (main panel) , which plots C p /T vs T in zero applied field near the transition temperature. The large anomaly in the specific heat is consistent with bulk superconductivity in Nb 20.4 Ru 5.7 Ge 3.9 . The superconducting T c value was determined by equal-entropy constructions of the idealized specific heat capacity jump (shown with yellow shading), which is sharp in temperature. The T c of Nb 20.4 Ru 5.7 Ge 3.9 was determined to be 2.2 K, consistent with both the resistance and magnetic susceptibility data. The lower left inset of Fig. 5 shows the temperature dependence of the specific heat data in applied magnetic fields from 0 -0.4 T with 0.1 T increments. The T c is suppressed to lower temperature as the applied field is increased, as expected.
The upper right inset of Fig. 5 shows a plot of C p /T vs T 2 which was fitted to equation 2
where βT 3 is the phonon contribution and γT is the electronic contribution to the specific heat. The Sommerfeld parameter was calculated to be 91(1) mJ mol-f.u. 
where R is the gas constant 8.314 J mol −1 K −1 and n = 30 for Nb 20.4 Ru 5.7 Ge 3.9 . Based on this Debye model, Θ D was calculated to be 412 K. It is worth noting that the Debye temperature for elemental Ru and Ge is 600 K and 374 K, respectively. 34 The Θ D and determined T c value can then be used to calculate the electron-phonon coupling constant λ ep from the inverted McMillan 35 formula as follows:
Assuming µ * = 0.13 and T c = 2.2 K, λ ep was calculated to be 0.49 which suggests that Nb 20.4 Ru 5.7 Ge 3.9 is a weak coupling superconductor. The Fermi energy N(E F ) can be calculated using the equation,
where k B is the Boltzmann constant and γ = 91(1) mJ mol-f.u.
per formula unit of Nb 20.4 Ru 5.7 Ge 3.9 . The specific heat jump at transition to the superconducting state ∆C/T c was calculated to be 123 mJ mol-f.u −1 K −2 and ∆C/γT c = 1.38, which is close to the expected value of 1.43, confirming bulk superconductivity in Nb 20.4 Ru 5.7 Ge 3.9 .
The temperature-dependent normalized electrical resistance R/R 300K for a polycrystalline, irregularly shaped sample of Nb 20.4 Ru 5.7 Ge 3.9 measured from 300 K -1.7 K is shown in Fig. 6 (lower left inset) . The resistance is relatively temperature independent in the entire temperature range from 2.3 K -300 K, most likely due to the large extent of mixing disorder in this new material; the σ-phase in this system is a poor metal. In zero applied magnetic field, the resistance drops to zero resulting in a T c of 2.2 K for the superconductor. There is also a slight increase in the resistance slightly above T c where the resistance is ∼1.0 throughout the entire temperature range but jumps up to 1.1 at about 2.3 K. This behavior has been previously observed in other superconductors, [36] [37] [38] and is most likely inherent of the material and not caused by the experimental setup. By using equation 6,
with a T c = 2.2 K, and A is 0.69 for the dirty limit or 0.73 for the clean limit, 39 µ 0 H c2 (0) was calculated to be 2. Ginzburg-Landau superconducting coherence length ξ GL was estimated to be 125Å from the equation
where Φ 0 = h/2e and µ 0 H c2 (0) = 2.11 T. The lower critical field, H c1 (0) = 55 Oe, was used with ξ GL = 125Å to estimate the superconducting penetration depth λ GL to be 3115Å using the formula,
The ratio of the calculated values of λ GL and ξ GL will give the value κ GL = 25 [κ GL =λ GL / ξ GL ], confirming type-II superconductivity in Nb 20.4 Ru 5.7 Ge 3.9 . In addition, the κ GL value can be used in the equation
to calculate the thermodynamic critical field µ 0 H c = 60 mT. A summary of all superconducting parameters is given in Table III . A Ta-Ru-Ge σ-phase, with an approximate composition of Ta 20.4 Ru 5.7 Ge 3.9 , was synthesized as shown in Fig. 7 (main panel) . The Ta-variant σ-phase was tested for superconductivity but did not display superconductivity above 1.7 K (Fig. 7, inset ). This suggests that electron count does not strictly govern the superconducting transition temperature seen in σ-phases. Finally, in Fig. 8 , we show preliminary powder X-ray diffraction (main panel), magnetic susceptibility (left inset), and specific heat data (right inset) for the σ-phase in the Nb-Ru-Ga system, whose composition is Nb 20 Ru 5 Ga 5 , suggesting the presence of Nb is crucial for the superconductivity observed. The superconducting T c appears to be 2.1 K. Lower temperature measurements are required to fully characterize the superconducting transition.
IV. CONCLUSIONS
We report the new ternary σ-phase superconductor Nb 20.4 Ru 5.7 Ge 3.9 which is shown to adopt the CrFe structure-type (P 4 2 /mnm, No. 136). Single crystal diffraction studies showed that Nb fully occupies the 4f , 8i 1 , and 8i 2 sites, a small amount of Nb was evenly distributed on the 8j and 2a sites, while there is Ru/Ge mixing on the remaining 2a and 8j sites. Temperaturedependent magnetic susceptibility, resistance, and specific heat measurements show that the material enters the superconducting state below a critical temperature of 2.2 K and that the superconductivity is an intrinsic property of the material. Based on the calculated superconducting parameters, Nb 20.4 Ru 5.7 Ge 3.9 is a weak coupling type II BCS superconductor. The σ-phase with approximate composition Ta 20.4 Ru 5.7 Ge 3.9 was synthesized but does not display superconductivity above 1.7 K. We also present preliminary specific heat, pXRD, and magnetic susceptibility results for the potential 2 K superconductor Nb 20 Ru 5 Ga 5 . Measurements down to 0.4 K would be of interest for future work to fully characterize this possible superconductor. Thus, though the T c values are low, our results combined with those in the literature for binary alloys, suggest that σ-phase alloys appear to be favorable hosts for superconductivity.
